In the present work, we have investigated the electrochemical behavior and electrocatalysis of hemoglobin (Hb) immobilized on a glassy carbon electrode (GCE) modified with a graphenecellulose microfiber (GR-CMF) composite. The GR-CMF composite was characterized by scanning electron microscopy, elemental analysis, and Raman and Fourier transform infrared spectroscopy. Well-defined electrochemical redox characteristics of Hb were observed for Hb immobilized on a GR-CMF composite modified GCE, with a formal potential of -0. 
Introduction
Recent advances in the nanomaterials indicate a wide range of promising applications for their use in biosensor systems [1] as commonly applied to the detection of toxins and pathogens in food, clinical, and environmental analysis [2, 3] . Given their high specificity, biosensors based on heme redox proteins are widely used for detection of small molecules such as hydrogen peroxide (H2O2) and nitrite (NO2 -) in food and environmental samples [4] . Demonstrating greater stability than other commercially available redox heme proteins such as horseradish peroxidase, cytochrome C, and myoglobin, hemoglobin (Hb) is ideal for biosensor applications [5, 6] . Hbbased biosensors are particularly suited to the selective detection of H2O2 due to their high electrocatalytic activity and narrow target specificity. The accurate detection of H2O2 in food, biological and pharmaceutical samples is fundamental to a wide range of industrial applications [7] [8] [9] [10] . However, effective immobilization of Hb on the electrode surface is a limiting factor in the efficiency of Hb based biosensors. Accordingly, different micro and nanomaterials or approaches have been explored as a means to anchor the redox active center of Hb to the electrode matrix.
Over recent years, carbon nanomaterials [11] [12] [13] , metal oxides [14] , metal nanoparticles [15] , ionic liquids [16] and conducting polymers [17] have been utilized as immobilization matrices for Hb. In particular, the 2D carbon nanomaterial graphene (GR) exhibits electronic conductivity and thermal stability superior to other carbon nanoforms [18, 19] , and make it an ideal support material in the fabrication of biosensors [19, 20] . However, the direct immobilization of Hb on pristine GR surface is problematic due to the molecules hydrophobic nature, and the Hb redox active center is located deep within the proteins tertiary structure [21] . Accordingly, the immobilization of redox active proteins such as Hb has necessitated modification of GR with appropriate biocompatible materials. For instance, carbohydrate polymers and supramolecular 4 adducts are widely used as a dispersing agent for GR and the resulting composite may enrich the biocompatibility of GR for immobilization of redox active proteins [22] [23] [24] [25] [26] . As a natural, renewable, abundant, and biodegradable carbohydrate polymer, cellulose has been utilized in a wide range of industrial and medical applications [27] . In particular, hydrophobic, water insoluble cellulose microfibers (CMF) represent a promising biomaterial for enzyme immobilization in biosensors due to their unique chemical properties and high biocompatibility [27] . In addition, CMF exhibits a high surface area, high porosity, and bond with the variety of conductive materials [27] [28] [29] [30] . In the present work, we have exploited the aforementioned properties of CMF and, by dispersing GR in a CMF aqueous solution, prepared a GR CMF composite for the immobilization of Hb. In doing so, the inherent nature of the hydrophilic CMFs acts to effectively prevent aggregation of GR and form a stable GR-CMF composite for immobilization of Hb.
A review of the published literature indicates the great majority of GR and cellulose composites have been prepared by chemical reduction of graphene oxide and cellulose [28] [29] [30] , but none have demonstrated the direct preparation of GR-CMF composite. However, we have recently demonstrated the direct preparation of GR-CMF composite as an immobilization matrix for laccase [31] . In the present work, we evaluate the electrochemical redox characteristics of Hb immobilized on a GR-CMF composite modified electrode and discuss this in relation to comparable modified electrodes for the immobilization of Hb. An H2O2 biosensor was fabricated based on the Hb immobilized GR-CMF composite modified electrode, and the detection parameters quantified using an amperometric method.
Experimental

Material and methods
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The cellulose microfibers (medium) powder was purchased from Sigma Aldrich. 
Fabrication of the biosensor
To fabricate the biosensor, first, the GR-CMF composite was prepared by dispersing GR Fig. 1D . All electrochemical measurements were performed in oxygen-free atmosphere by purging high purity N2 into pH 7 for at least 10 min, and the modified electrodes were stored under the dry condition when not in use.
Results and discussion
Characterizations
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The surface morphological studies of the GR, CMF, and as-prepared GR-CMF composite were characterized by high-resolution SEM. Fig. 1 shows SEM images of pristine GR (A), CMF, (B) and GR-CMF composite (C). The SEM images shows the closely arranged layering of relatively small individual pristine GR nanosheets, and the typical dense fiber morphology of CMF. It is clear from Fig. 1C that the GR nanosheets were highly exfoliated by CMF compared with pristine GR. In addition, the optical image of GR-CMF composite (Fig. 1D ) confirms the formation of GR-CMF composite and CMF is a suitable dispersing agent for GR. The GR-CMF composite was found to be highly stable even after storage for six days. We also performed EDS and elemental mapping of the GR-CMF composite and the results are shown in Fig. S1 and Fig.   2A and B. The EDS and elemental mapping of GR-CMF composite confirm the presence of carbon and oxygen in the composite, while oxygen is absent in the EDS and elemental mapping of pristine GR (not shown). The result also supports formation of GR-the CMF composite.
FTIR spectroscopy has been a powerful tool to investigate the different functional groups present in the compounds and interactions between the compounds in the composite. Fig. 3A shows the FTIR spectra of GR (a), CMF (b) and GR-CMF (c). The FTIR spectrum of CMF shows a characteristic vibration band at 3300-3500 cm -1 , and corresponding to stretching vibrations of the OH group [31] . Analysis of CMF showed two additional bands at 2892 and 1652 cm -1 , due to stretching of CH and CH2, and OH from absorbed water [31] . The FTIR spectrum of GR was found to be featureless in the finger print region and is similar to that previously reported for GR [25] . However, the FTIR spectrum of GR-CMF composite showed a similar characteristic band those compared with the FTIR spectrum CMF, which confirms the firm attachment of CMF to the GR surface.
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Raman spectroscopy is widely used to study the allotropes of carbon, especially GR nanostructures, due to its sensitive nature to a positioning of the carbon atoms. As shown in Fig.   3B , the Raman spectra of GR and GR-CMF exhibits a strong G band at 1592 and 1591 cm −1 , and due to the in-plane vibrational modes of sp 2 hybridized carbon atoms on GR [25] . The less intense D band at 1888 and 1387 cm −1 , is ascribed to the vibrations of sp 3 carbon atoms of disordered GR and vibrations of sp 2 carbon atom domains of graphite [33] . Usually, the D band is less active and G band is highly active in few-layered GR than multi layered GR sheets. The 2D bands of were observed at 2726cm −1 and 2724 cm −1 on GR and GR-CMF composite, is due to the two phonon lattice vibrational process on GR sheets [33] . Peak intensity ratio (I2D/IG) of the 2D and G bands of GR and GR-CMF was found as 0.92 and 0.91. The result confirms that GR-CMF composite has few layered GR sheets with less defects than pristine GR.
Electrochemical behavior of Hb at different modified electrodes
The redox activity site of Hb is acknowledged as the cofactor heme (Fe of the biosensor is higher than that of previously reported for Hb immobilized on nanomaterial modified electrodes [34] [35] [36] [37] , and indicates a greater efficiency of Hb molecules adsorption on the composite electrode surface. We have also performed CV to determine the effect of scan rate (ranging from 50 to 1000 mV/s) on the electrochemical redox behavior of the Hb immobilized GR-CMF modified electrode. As shown in Fig. S3A , the redox peak current of Hb increases with the scan rate, and corresponding potentials showed a greater degree of positive and negative shift as the scan rate increased from 50 to 1000 mV/s. We have also made the plot for scan rate vs.
anodic and cathodic peak current of Hb and the results are shown in process involving an equal number of electrons and protons [35] . The redox electrochemical mechanism of Hb was extensively studied on carbon nanomaterial modified electrodes, and our results are similar to the previous reports for a one proton and electron transferred redox reaction of the heme redox active center [26, 35] .
Electrocatalytic reduction of H2O2
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The electrocatalytic activity of Hb immobilized GR-CMF composite modified electrode was further examined by CV. Fig. S4 shows the CV response of biosensor in the absence (a) and presence (c) of 500 µM H2O2 into the PBS. A stable and well-defined redox couple of Hb was observed in the absence of H2O2. However, the cathodic peak current of the Hb heme was dramatically increased in the presence of 500 µM H2O2 due to the reduction of H2O2 by immobilized Hb. In the absence of Hb, the GR-CMF composite modified electrode did not show the obvious reduction peak current response to H2O2 (curve b), confirming the enhanced reduction current of H2O2 is due to the presence of heme redox active center of immobilized Hb on GR-CMF composite. The result indicates that Hb immobilized GR-CMF composite modified electrode can be used for sensitive and low potential detection of H2O2.
Amperometric i-t method was used for the quantification of H2O2 using Hb immobilized GR-CMF modified electrode. The working potential of the biosensor was fixed at -0.3 V and is close to the reduction potential of H2O2 by heme redox active center of Hb (Fig. S4) . Under 
Selectivity of the biosensor
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Since H2O2 interacts with ascorbic acid, dopamine, uric acid, glucose, and L-cysteine, selectivity of the as-prepared biosensor was evaluated by amperometry in the presence of interfering species [26] . hence the biosensor is suited to precise detection of H2O2.
The fabricated biosensor was also tested for long-term storage stability (up to 35 days) by CV and was stored at 4 ºC under dry conditions.
14 The prepared biosensor was tested for every five days by CV in response to 500 µM H2O2 and experimental conditions similar to Fig. S4 . As shown in Fig. S5 , the as-prepared biosensor retained 84.2 and 81.1% of its initial sensitivity after the 20 and 35 days storage respectively, which indicating excellent stability.
Determination of H2O2 in food, biological and pharmaceutical samples
As a proof of concept, we have evaluated the biosensors performance in amperometric determination of H2O2 in real samples. The amperometric experimental conditions are similar to were injected into the pH 7 phosphate buffer and their recoveries were calculated using a standard addition method. The obtained recoveries of H2O2 were summarized in Table S1 . The average recoveries of H2O2 were 93.0, 98.5 and 99.0% with a RSD of 3.5, 3.1 and 2.8% in whole milk, contact lens cleaning solution, and human serum samples respectively. The good recovery and appropriate RSD of the biosensor further validates that it the application of the biosensor for realtime detection of H2O2 in food, biological and pharmaceutical samples.
Conclusions
In summary, we have developed a sensitive and selective H2O2 biosensor based on the 
